In a search for genes involved in regulation of uterine contractility, we cloned a novel calcium-activated chloride channel gene, named rat Clca4, from pregnant rat uterus. The gene shares approximately 83% and 70% nucleotide homology with mouse Clca6 and human CLCA4, respectively, and was expressed primarily in rat uterus. The transcripts were upregulated at Gestational Day 22 (prior to parturition), implying a functional involvement in parturition. Western blot analysis showed that rat CLCA4 protein was present in uterus, lung, and heart, but not in any other tissues examined. Confocal microscopy revealed that rat CLCA4 is localized in cell membrane and could not be removed by alkaline or PBS washing. Transient transfection of rat CLCA4-enhanced green fluorescent protein in Chinese hamster ovary cells resulted in production of characteristic Cl À currents that could be activated by Ca 2þ and ionomycin but inhibited by niflumic acid, a CLCAchannel blocker. The identification and characterization of rat Clca4 help decipher the contribution of Ca 2þ -activated Cl À conductance in myometrial contractility.
INTRODUCTION
Regulation of myometrial contractility is critical for maintenance of pregnancy and for parturition [1] . The myometrium is maintained in a relatively quiescent state during most of pregnancy but changes to a contractile state at parturition under the influence of a number of physiological signals [2] . Asynchrony between the onset of myometrial contraction and fetal maturation leads to preterm delivery, a clinical syndrome accounting for 11% of all births but 85% of overall prenatal morbidity and mortality [3] .
Depolarizing and hyperpolarizing membrane mechanisms play vital roles in the process of myometrial contractility [4, 5] . Calcium-activated Cl À conductance currents have been reported in smooth muscle cells of the dog [6] and rat [7] . The equilibrium potential in smooth muscle for chloride ion is more positive than the resting membrane potential. The most likely role for I Cl(Ca) in smooth muscle is thought to be production of membrane depolarization, the influx of Ca 2þ , and subsequent contraction in response to excitatory stimuli [5] . Of significance, Jeong et al. [8] described the steroid-mediated regulation of calcium-activated chloride channel 3 (CLCA3) in the mouse uterus, and they found that CLCA3 was upregulated in response to estrogen but suppressed by progesterone. Murine Clca4 also was found to be expressed in several smooth muscle types, including uterus [9] .
However, our overall knowledge of the regulation and function of Clca isoforms in uterine contractility is limited. Although both bestrophin and calcium-activated chloride channel families were proposed to be the candidate genes for smooth muscle contraction [10, 11] , their exact function and regulation remain to be confirmed. The majority of Clca family members function as Ca 2þ -sensitive Cl À channels when expressed in mammalian cells. In addition, some Clca isoforms act to mediate adhesion molecules or tumor suppressers [11] [12] [13] [14] , and others may have roles in asthma [15, 16] or cystic fibrosis [17, 18] . Identification of Clca isoforms in uterus and examination of their regulation will help us decode their roles in uterine contractility, determine their connection to native I Cl (Ca) , and elucidate the physiological importance of I Cl(Ca) in parturition.
Here, we report the cloning and functional analysis of a novel Clca member based on the microarray screening of genes expressed in the pregnant rat uterus. The gene was named rat Clca4 based on the comparative sequence analysis. Further analysis indicated that rat CLCA4 is a membrane protein capable of producing Ca 2þ -activated Cl À current in Chinese hamster ovary (CHO) cells. Abundant expression of rat CLCA4 in rat uterus, as well as its upregulation at the end of gestation, suggests it may be a potential regulator for myometrial contractility.
MATERIALS AND METHODS

Cloning of Rat Clca4 Gene
Groups of timed pregnant Sprague-Dawley female rats were maintained and the experiments performed under protocols approved by the institutional animal care and use committee of the University of Cincinnati (Cincinnati, OH) or the Chinese Academy of Sciences (Beijing, China). For RNA isolation, groups of five female rats were killed at 0900 h on each of Gestational Days 16, 20, 22, and 23 (postpartum) , and the uterine tissue was collected from each animal after removal of placental implantation sites. The endometrium was removed by scraping the luminal surface, and RNA was isolated from the remaining myometrium. Myometrial total RNA was isolated with Trizol Reagent (Invitrogen) and was used to hybridize to the Rat Genome U34A GeneChip (Affymetrix), with three separate animals used per gestation time point. The data were analyzed using Genespring 4.1 software (Silicon Genetics) after normalization of raw data signals for internal controls included on the GeneChip.
A novel expressed sequence tag (EST; GenBank accession no. BI292185) that was significantly upregulated at the end of gestation was selected for subsequent cloning. To clone the target gene, the EST-specific oligo primer (5 0 -CCAGCAGAGCGGCATACAACCAGG-3 0 ), the nested oligo primer (5 0 -CCAACATCGCACAAGTAGCA-3 0 ), plus the Nested Universal Primer A mix were used to amplify the target cDNA with BD SMART RACE cDNA Amplification Kit (Clontech). The full-length cDNA cloned in pGEM-T vector (Promega) was subcloned into pEGFP-N1 for expression of rat CLCA4-enhanced green fluorescent protein (EGFP) fusion protein. All constructs were verified by sequencing on a 3730 DNA Analyzer (Applied Biosystems).
Expression Profile of Rat Clca Isomers
To examine whether or not the rat Clca4 is the only Clca expressed in pregnant rat uterus, gene-specific oligonucleotide primer pairs were designed for each of the five identified/predicted rat Clca isomers currently known (Table 1) . Semiquantitative RT-PCR was performed for detection and estimation of the targeted genes in pregnant rat uterus at different gestational ages, as well as in nonpregnant uterus (Day 0). Equal amounts of the firststrand cDNA were used for PCR amplification of the target gene at each gestation time point, and three independent replications of RT-PCR were performed for each Clca using experimentally predetermined conditions. The housekeeping gene Gapdh was used as an external standard. Amplified RT-PCR products were quantified by scanning the gel band for intensity at the prefixed parameters, and the mean level of expression of each target gene in each sample was calculated from the three replicate PCR measurements. For statistical analysis of the data, Fisher least significant difference (LSD) was performed following the analysis of variance (ANOVA) to compare the relative level of mRNA expression for each of the detected genes at the different gestation time points.
Northern Blot Analysis
A multiple Northern blot analysis was conducted using 5.0 lg of total RNA from each of rat stomach, intestine, skeletal muscle, heart, liver, and kidney, plus myometrial RNA at Gestation Day 16 (d16), d20, d22, and d23. Prehybridization and hybridization were performed with CHURCH buffer. P 32 -labeled cDNA fragments of rat Clca4 (nucleotides 262-825) were used as probe. Blots were washed twice in 63 saline-sodium citrate (SSC) and 0.1% SDS and followed by several washes in 0.13 SSC and 0.1% SDS.
Expression of Rat CLCA4-EGFP in CHO Cells
The open reading frame of rat Clca4 cDNA was PCR amplified using the forward (5 0 -CTCGAGGCCGGAATGATGGGGTTCT-3 0 ) and reverse (5 0 -GGATCCCGAAATGTTGTTGCAGGCCCT-3 0 ) oligo primer pairs. The amplified product was cloned into pEGFP-N1 vector at XhoI and BamHI sites, and the pEGFP-N1 construct expressed CLCA4 as a fusion protein, with EGFP at the carboxyl terminus. The CHO cells were grown on coverlips pretreated with poly-L-lysine (50 lg/ml). The pEGFP-N1 construct of Clca4 was used to transfect cells with Lipofectamine transfection reagent and Plus reagent (Invitrogen) following the manufacturer's protocols. Images were obtained with a FluoViewTM FV500-IX81 laser scanning confocal microsope (Olympus) 24;48 h after the transfection and following treatment with or without an alkaline solution (pH 11).
Western Blot Analysis
A 213-bp fragment (553-765 bp) of rat Clca4 cDNA was cloned into pGEX-4T-2 expression vector for Escherichia coli expression. The expressed CLCA4 protein was isolated to generate polyclonal antibodies in rabbit. Tissue samples of nonpregnant rat uterine, heart, liver, spleen, lung, kidney, stomach, intestine, and muscle were collected and snap frozen in liquid nitrogen. The powdered tissue was lysed in lysis buffer (150 mM NaCl, 5 mM ethylenediaminetetraacetic acid, 50 mM Tris-HCl [pH 7.5], 1% Triton X-100, and 1 mM PMSF), and approximately 10.0 lg of solubilized total protein from each sample was transferred to nitrocellulose membranes (Osmonics) after SDS-PAGE and quantified with beta-actin as an internal standard. Membranes were blocked in 10% nonfat milk in TBST buffer containing 0.1% Tween 20 and probed with the polyclonal antibody (1:2000 dilution) to CLCA4 in 5% nonfat milk using horseradish peroxidase-conjugated goat anti-rabbit antibody as a secondary antibody (1:10 000). The blots were developed with Supersignal West Pico Chemiluminescent Substrate (Pierce).
Washing/Stripping Rat CLCA4 from CHO Cells
Experiments in this section were carried out essentially as described previously [19] . Briefly, 24 h after the initial transfection, CHO cells were washed twice in Hanks buffered saline solution, followed by a cold wash (48C) in PBS, pH 2.5 acid solution (0.9% NaCl), or pH 11 alkaline solution (0.1 M sodium carbonate) for 20 min before examination. For Western blot analysis, CHO cells were washed five times with 1.0 ml of serum-free medium and then incubated 2-4 h after the last wash. The medium and cells were incubated 2-4 h, and 20 lg of total protein from each fraction was loaded for SDS-PAGE.
Electrophysiologic Properties
Whole-cell patch-clamp recordings were obtained on CHO cells transfected with the pEGFP-N1 construct of rat Clca4. Mock-transfected cells were cotransfected with the empty vector pEGFP-N1 as negative control. Positive cells were identified by EGFP fluorescence 24;48 h after transfection. The bath solution contained 112 mM N-methyl-D-glucamine-Cl, 30 mM sucrose, 2 mM CaCl 2 , 2 mM MgCl 2 , and 5 mM HEPES, pH 7.4. The pipettes (tip resistance: 3-9 MX) were filled with the bath solution containing either 2 mM MgÁATP or 2 mM MgÁATP and 1 mM ethylene glycol tetraacetic acid. Free Ca 2þ in the two pipette solutions was estimated to be 2 mM and 25 nM, respectively. The osmolarity of all solutions was measured and adjusted to ;300 mosmol (Vapro pressure Osmometer 5520). Currents were recorded at room temperature (248C;268C) with Patch clamp EPC10 amplifier (Heka). After formation of gigaohm and whole-cell recording configuration, cells were pulsed by a series of voltage steps (200 ms, À70 mV to þ70 mV) from a holding potential of À50 mV. Ionomycin and niflumic acid (NFA) were diluted into the bath solution, with final concentrations of 10 lM and 100 lM, respectively.
RESULTS
Dynamic mRNA Expression in Rat Myometrium
We assessed the profile of mRNA expression in rat myometrium at d16, d20, d22 (parturition), and d23 (postpartum) by hybridizing 12 Affymetrix rat gene chips with 12 myometrial RNA samples. Of the 8799 rat gene segments (Fig. 1) . The majority of genes have not been shown previously to be differentially regulated in gestation, especially in relation to uterine contractile activity. Approximately 10% of the regulated gene segments are ESTs whose identification remains to be determined. Among these, an EST (BI292185) highly homologous to mouse Clca6 was significantly upregulated prior to delivery (d22) and downregulated postpartum (d23).
Molecular Cloning of Rat Clca4
A full-length complementary DNA (GenBank accession no. NM_201419, derived from AY333961) for the EST BI292185 was successfully cloned from pregnant rat uterus (Fig. 2) . The cloned cDNA was 3097 nucleotides in length, including its 5 0 and 3 0 untranslated regions, and encoded a predicted polypeptide of 923 amino acids. Sequence alignments with the selected Clca revealed that the cDNA shared the features characteristic to calcium-activated chloride channels (Fig. 2) , and the gene was named rat Clca4 for the genetically conserved features of the Clca family [20] . Phylogenetic analysis indicates that the Clca4 is closely related to mouse calcium-activated chloride channel 6 (Clca6; 83% homology) and human calcium-activated chloride channel 4 (CLCA4; 70% homology), but distantly related to the remaining rat homologs Clca1 and Clca 2 previously reported [21, 22] .
Tissue Distribution of Rat Clca4 mRNA and Protein
Results of semiquantitative RT-PCR indicate an upregulation of rat Clca4 toward the end of gestation, relative to d16. Although the data are not quantitative, they allowed estimation on the expression level of rat Clca4 mRNA (Fig. 3) . Subsequent investigation detected two additional Clca family members, calcium-activated chloride channel 3 (Clca3) and cystic fibrosis transmembrane conductance regulator (Cftr), in the pregnant rat uterus (Fig. 3) . Both Clca3 and Cftr are hypothetical genes predicted by rat genome analysis, and our results help provide the first experimental evidence to confirm their existence. Among the three, rat Clca4 was the most abundant, and it was significantly upregulated prior to parturition. Transcription of rat Clca3 was also upregulated with advancing gestation, although at a lower level overall. In contrast, Cftr was not upregulated with the progression of gestation (Fig. 3) . We failed to detect any expression of calcium-activated chloride channel 2 (Clca2) and calciumactivated chloride channel 4l (Clca4l) in the uterus throughout the selected detection time point. Taken together, these results indicate that rat Clca4 is more closely associated with regulation of parturition.
Northern blot analysis showed that the Clca4 mRNA was primarily expressed in pregnant rat uterus, abundant in muscle, and with some expression in liver (Fig. 4A) . In uterus, the mRNA transcript was upregulated prior to delivery (d22), consistent with the microarray data for BI292185 (Fig. 1) . Polyclonal antibody raised against rat CLCA4 was found to be highly specific to the antigen of E. coli-expressed CLCA4 protein fragment (Fig. 4B) . Western blot analysis demonstrated that rat CLCA4 protein was primarily present in the uterus, lung, and heart, but essentially absent in all other tissues examined (Fig. 4C) . We noticed that in uterus and lung but not in heart, two sets of doublets at 47-58 kDa were detected. Whether such differences in molecular weight and appearance of two sets of doublets are due to posttranslational modification of rat CLCA4 remains to be determined. It is interesting to notice that Western blot analysis failed to detect any rat CLCA4 protein in the muscle (Fig. 4C) , although the mRNA transcripts appeared to be abundant (Fig. 4A) .
Rat CLCA4 Is a Membrane Protein
Transient expression of EGFP-tagged rat Clca4 in CHO cells resulted in overwhelming visualization of rat CLCA4 on the cell membrane (Fig. 4D) . Similar results also were observed in HEK293 cells expressing CLCA4-EGFP (data not shown). Subsequent washing of the CHO cells with pH 11 alkaline solution did not change the EGFP florescence on the cell membrane to a significant level. These data provide the initial evidence that, in contrast to that of human CLCA1-HEK [23] , rat CLCA4 is incorporated into the cell membrane. The incorporated CLCA4 could not be removed from the cell FIG. 1. Microarray profile of 349 significantly regulated mRNA species in pregnant rat uterus at d16, d20, d22, and d23 (three separate animals per day). Total myometrial RNA was isolated from the uterus of each of 12 individual female rats (n ¼ 3 per day) at the designated gestational ages, and the RNAs were used as probes to hybridize each of 12 Affymetrix rat gene chips containing 8799 rat gene segments. The hybridization signal was analyzed using Genespring 4.1 software (Silicon Genetics). The intensity of hybridization signal increases with color from blue to red, with the red color representing upregulation and blue color representing downregulation. EST BI292185, which showed sequence homologies with those of mouse and human calcium-activated chloride channels, was selected for subsequent cloning and characterization. Letters A to M indicate designated rat gene chips. Arrowhead indicates the location of the EST (BI292185) in the panel of differently expressed mRNAs.
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membrane even after 4 h of extensive PBS washing, which leads to release of cellular content from the broken cells (Fig.  4D) . Overall, these results suggest that rat CLCA4 is a membrane protein, not a secreted protein.
Electrophysiological Properties of Rat CLCA4
Using the whole-cell patch-clamp apparatus, we successfully recorded the specific Cl À current from CHO cells transiently expressing EGFP-tagged rat CLCA4. The currents evoked by a series of voltage steps before and after ionomycin application were typical for those of CLCA members (Fig. 5) . At low Ca 2þ (25 nM) in pipette and high Ca 2þ (2 mM) in bath solution, no significant current could be recorded (Fig. 5A) .
However, 4-5 min after addition of ionomycin (10 lM), a prominent current was recorded in cells transfected with rat CLCA4-EGFP (Fig. 5B) . Under the same conditions, no inward currents were evoked by ionomycin in mock-transfected cells. The patches were recorded using solutions in which both Na þ and K þ were completely removed, so we were able to focus on currents of Cl À alone. The current/voltage relationship for the resulting different currents in cells expressing rat CLCA4 is shown in Figure 5E . The reversal potential was at 0 mV, which was consistent with the symmetrical chloride solution. The average current at þ70 mV normalized for cell size was 5.56 pA/pF (n ¼ 9) and was increased to 85.609 pA/pF in the presence of ionomycin. With 2 mM Ca 2þ in the pipette and the bath solution, a prominent   FIG. 2 . Alignment of the expected amino acid sequence encoded by rat CLCA4 with those sequences of the selected members of the CLCA family: mouse CLCA6, human CLCA4, mouse CLCA5, and human CLCA2. Sites are marked for Clca for monobasic proteolytic cleavage (downward arrow), signal sequence (solid top line), and multiple cysteine motifs (C). Additionally, consensus sites for N-linked glysosylation are indicated (N with * above). The alignment was generated by Clustal method.
inward current in CLCA4-transfected cells was immediately observed after achieving the whole-cell configuration (Fig.  5C) , whereas no distinctive current was activated in cells transfected with the mock solution alone. This current was rather sensitive to niflumic acid (100 lM), a chloride channel blocker (Fig. 5D ). The currents (n ¼ 4) elicited by 2 mM Ca 2þ were significantly larger than those recorded after NFA application (Fig. 5F ).
DISCUSSION
The finding that rat CLCA4 was a membrane protein and that CHO cells transfected with rat CLCA4 were capable of evoking specific Cl À current provides the first line of evidence that the CLCA4 may be a functional chloride channel. To our knowledge, this is a novel chloride channel shown to be related to uterine function [8, 9] . The fact that rat CLCA4 is abundantly present in uterus but not in other types of smooth muscle examined is worthy of special attention, and this could be an indication that it may be directly involved in initiation of myometrial contraction. Further work is necessary to investigate the exact function of the gene via targeted knockout experiments.
It was proposed recently that human CLCA1 and mouse CLCA3 are secreted proteins rather than chloride channels A) Northern blot analysis showing rat Clca4 mRNA expression in rat uterus at different gestational ages, plus the distribution of rat Clca4 transcripts in major tissues and organs of the rat, with 18S rRNA as an internal control. B) Western blot analysis to test the specificity of rat CLCA4 antibodies against E. coli-expressed CLCA4 protein. Lane 1: total protein (10 lg) from E. coli expressing GST alone as a negative control. Asterisk refers to a nonspecific band of an unknown protein reacting with the CLCA4 antibody. Lane 2: total protein (10 lg) from E. coli expressing both GST and rat CLCA4 protein. C) Western blot analysis of tissue distribution of CLCA4 protein in nonpregnant rat using polyclonal antibody (1:2000 dilution) against regions close to the N terminus of CLCA4, with beta-actin as an internal control. Rat CLCA4 protein was mostly present in uterus, lung, and heart, but not in other tissues examined. D) Confocal microscopy images of GFP-tagged rat CLCA4 expressed on CHO cell membrane before and after alkaline washing. Bars ¼ 40 lm.
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SONG ET AL. [23] . However, we found the situation with rat CLCA4 was quite different. Under low or high pH wash conditions, EGFPtagged rat CLCA4 remained attached to membranes even after the CHO cells were damaged by washing (Fig. 4C) . Furthermore, extensive washing with PBS for up to 4 h failed to remove CLCA4 from the membranes, and we failed to detect any CLCA4 in the culture medium (data not shown). Taken together, these results support the claim that rat CLCA4 is a membrane protein, not a secreted protein.
I Cl(Ca) is a major chloride channel type identified in smooth muscle [7] . The upregulation of I Cl(Ca) in myometrium leads to membrane depolarization, the increase of intracellular Ca 2þ through VDCC, and subsequent uterine contractility [24] . It is possible that activation of I Cl(Ca) switches the uterus from a relatively quiescent state in gestation to a highly contractile state at parturition. Our data regarding the upregulation of Clca4 mRNA match well with the physiological role of I Cl (Ca) in myometrium at parturition. The results provide additional proof for the function of CLCA4 as a Ca 2þ -activated Cl À channel. The observation that Cftr appears to be suppressed during pregnancy compared with nonpregnant and postpartum myometrium is also worthy of attention, and this may suggest its downregulation helps maintain uterine quiescence.
We noticed an inconsistency in the levels of mRNA of rat Clca4 detected at d23 (postpartum) by different experiments. The results of both microarray and Northern blot analyses showed a downregulation after parturition, but the results of semiquantitative RT-PCR showed a sharp increase. Because semiquantitative RT-PCR is not a good quantitative method, it is likely that the observed differences in results are for this reason, and the microarray and Northern blot data are more likely to be correct. The observed differences could also be due to the difference in sources of RNA used for the experiments. The myometrial RNA was used for both microarray and Northern blot analysis, but newly isolated uterus RNA (tissues without removing implantation sites and endometrium) was used for the RT-PCR. Alternatively, a sharp increase in Clca4 mRNA postpartum (d23) could also indicate a potential function of CLCA4 in maintaining the contraction of uterus to its prepregnant condition after parturition. Nevertheless, the overall results indicate that rat Clca4 may be one of the important candidate genes closely involved in initiation of parturition.
The reason why abundant rat Clca4 mRNA but not CLCA4 protein was present in the muscle, as well as the reason why the Western blot analysis detected two groups of double-protein bands at approximately equal molarities in uterus and lung, but not in the heart tissue, are currently not known to us. The possibility exists that CLCA4 might undergo certain posttranslational modifications, which may be directly related to the function of the CLCA4.
In summary, we have cloned and characterized a novel calcium-activated chloride channel gene in rat uterus. The data presented here show that rat CLCA4 is abundantly expressed in rat uterus and is significantly upregulated prior to parturition. Our results serve to make the human homolog of CLCA4 an attractive candidate gene for further exploration of its role in initiation of parturition.
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